Soil texture and the soil water characteristic are key properties used to estimate fl ow and transport parameters. Determination of clay content is therefore critical for understanding of plot-scale soil heterogeneity. With increasing interest in proximal soil sensing, there is the need to relate obtained signals to soil properties of interest. Inference of soil texture, especially clay mineral content, from instrument response from electromagnetic induction and radiometric methods is of substantial interest. However, the cost of soil sampling and analysis required to link proximal measurements and soil properties, for example, clay mineral content, can sometimes outweigh the benefi ts of using a fast proximal technique. In this paper, we propose that determination of a soil's hygroscopic water content at 50% atmospheric relative humidity (RH 50 ), which is time and cost effi cient, and particularly suitable for developing countries, can act as a useful surrogate for clay content in interpreting soil spatial patterns based on proximal signals. We used standard clays such as kaolinite, illite, and montmorillonite to determine the water release characteristic as a function of hygroscopic water content. We also determined clay content of soils from temperate (Arizona, United States) and tropical (Trinidad) regions using the hydrometer method and hygroscopic water content for soils equilibrated at RH 50 . We found linear dependence of clay percentage and RH 50 for a range of soil mineralogies. Hygroscopic water measurements offer an inexpensive and simple way to estimate site-specifi c clay mineral content that in turn can be used to interpret geophysical signal data in reconnaissance surveys. Abbreviations: EMI, electromagnetic induction; RH, relative humidity.
Proximal sensing techniques, especially geophysical sensors that infer spatial textural information from instrument response to ions adsorbed on clay minerals (Robinson et al., 2008b) , provide an invaluable means for fi lling the 'intermediate' scale data gap. Electromagnetic induction (Doolittle et al., 1994; Triantafi lis et al., 2001; Triantafi lis and Lesch, 2005) , resistivity (Samouelian et al., 2005) , induced polarization (Slater et al., 2006) , and radiometrics (Rawlins et al., 2007) are techniques progressively used to determine soil properties or spatial patterns related to texture, inferred from mineralogy and cation binding. In case of electrical methods, cations adsorbed to 2:1 clay minerals can be used to interpret, or determine, the spatial pattern of clay percentage in non-saline soils (Triantafi lis et al., 2001; Triantafi lis and Lesch, 2005; Sudduth et al., 2005; Harvey and Morgan, 2009) . Th is method is limited to clays that adsorb cations to counter balance negative charge sites and is less likely to work for clay minerals with low surface areas, for example, kaolinites. In case of radiometrics, many clay minerals, for example, hydrous micas and illites, can be detected through their potassium isotope signal (Taylor et al., 2002) . Knowledge of clay content is therefore critical for the signal interpretation of proximal sensing instruments.
Direct, grid-like soil sampling for identifying spatial textural patterns has several limitations among which the need for high-intensity sampling and associated costs for analyses are the most constraining ones. In addition, minimizing soil disturbance, that is, not fi lling the landscape with holes is vital for many hydrological process studies. In many cases, an understanding of soil spatial patterns, and delimiting of hydrological functional units, is more important than the exact knowledge of soil properties (Grayson and Blöschl, 2000) . Th e costs for independently measuring soil properties for calibration of proximal signals have always been an issue, such that Lesch et al. (1995a Lesch et al. ( , 1995b developed effi cient sampling methods for interpreting EMI signal response from directed soil sampling. Even with approaches like theirs, the particle size analysis presents a substantial cost for calibration, especially if multiple fi elds are sampled.
In this paper we propose that under many circumstances, a site-specifi c calibration between clay percentage and hygroscopic water content could be used to greatly reduce the number of particle size analyses that might be done for a proximal sensing site calibration. Estimating clay percentage from hygroscopic water content presents a cost effi cient, simple, and reliable surrogate for correlating proximal signal response to soil clay content; although, the paper does not specifi cally explore EMI calibration. Our major goal is to investigate if simple, cost, and time effi cient hygroscopic water content measurements can be used to estimate clay contents for soils with varying mineralogies.
In soils, soil solution electrical conductivity (EC e ), volumetric soil water (θ v ), and clay contents are the major factors infl uencing bulk soil electrical conductivity (EC a ; Friedman, 2005) and EMI signal response. In the case of radiometrics, clay content and, to a lesser extent, soil moisture are the driving factors. Th e intimate relationship between soil clay content and hygroscopic water content is well established (Briggs and Shantz, 1912; Banin and Amiel, 1970; Petersen et al., 1996) but not widely exploited. It was proposed as a method for determining soil surface area but largely abandoned because water tends to cluster on charged clay mineral surfaces not forming a monolayer like ethylene glycol monomethyl ether, which has a lower dielectric constant, or non-polar nitrogen (Quirk and Murray, 1999) . Th erefore, we hypothesize that soil hygroscopic water content, whose determination is fast and technically less involved than particle-size analysis, positively correlates with clay percentage in both temperate and tropical soils and can provide a useful surrogate for soil clay content. Other research groups have presented results that emphasize the strong correlation between hygroscopic water and clay contents (Banin and Amiel, 1970; Petersen et al., 1996; Tuller and Or, 2005; Resurreccion et al., 2011) ; however, there is no specifi c water potential or relative humidity (RH) agreed on at which these relationships should be determined.
Clay content and type of clay minerals determine the magnitude of the soil-specifi c surface area (Petersen et al., 1996) . Banin and Amiel (1970) presented data with specifi c surface area showing a strong linear dependence (r 2 = 0.902) to clay contents. In the studies of Banin and Amiel (1970) and Dirksen and Dasberg (1993) , hygroscopic water content had a strong linear correlation (r 2 = 0.936) with soil-specifi c surface area. Recently, Logsdon et al. (2010) determined hygroscopic water content of soils in a vapor-tight container over distilled water at ~99% RH and concluded that higher hygroscopic water content is associated with high soil-specifi c surface area. To come to an agreement about a specifi c RH level at which hygroscopic water content ought to be determined, in-depth knowledge of the water release characteristics of diff erent clay minerals is required. Th erefore, the objectives of the present study were to (i) determine the water release characteristics for standard source clays, (ii) defi ne a suitable RH level for estimating clay content for the source clays, and (iii) examine the relationship between hygroscopic water content and clay content using the defi ned RH for soils with varying mineralogies from temperate and tropical regions.
MATERIALS AND METHODS

Clay Minerals
Standard 100% source clay minerals were used to determine the hygroscopic water content as a function of RH. Th e selected samples were the same as used by Lebron et al. (2009) and included Silver Hill illite from Montana (IMt-1) and Ca-montmorillonite from Cheto, AZ (SAz-1) obtained from the Clay Mineral Society's Source Clay Repository, Wyoming bentonite (Aqua Technologies of Wyoming, Casper), and kaolinite from the Lamar pit (Bath, SC). Th e SAz-1 montmorillonite was saturated with Na, Ca, or Mg to produce clay samples saturated with a single ion (Goldberg and Glaubig, 1987) .
Soil Samples
Th e fi rst set of samples contained tropical soils from the University of the West Indies soil sample collection in Trinidad. Trinidad is the southernmost of the islands of the Lesser Antilles in the Caribbean Sea and is situated 10°3′ N 60°55′ W and 10°50′ N 61°55′ W. Th e 23 soils used for this study were collected from diff erent locations across the island, representing a range of soil types including kaolinitic, micaceous, and montmorillonitic soils (Table  1 ). In addition, 20 temperate soils from the University of Arizona Department of Soil, Water and Environmental Sciences' source soil collection, again representing a wide range of mineralogies and clay content were analyzed (Table 1) .
Furthermore, a number of datasets originating from both Trinidad and the United States that were previously used for EMI calibration were investigated. Soils from Trinidad were collected from Guayaguayare, Moruga, Centeno and Woodland from locations identifi ed via an EMI-directed soil sampling method (Lesch et al., 2000) . Data from the United States were obtained from the T. W. Daniel Experimental Forest in northern Utah and the Reynolds Mountain East catchment within the Reynolds Creek Experimental Watershed in southwestern Idaho (Abdu et al., 2008) .
Clay and Soil Sample Analysis
Th e water release characteristics for the source clays were measured with a Dewpoint Potentiameter (WP4-T, Decagon Devices, Inc., Pullman, WA). Th e clay samples were oven-dried at 105°C and then left equilibrating with the ambient laboratory atmosphere at controlled temperature (25°C) for several months. Once the humidity level of interest had been reached and was stable for 2 to 3 d, samples were weighed with an analytical balance and the soil water potential was determined with the WP4-T. Relative humidity was measured using a humidity sensor (Th ermo Hygro, Th ermo-Fisher, Waltham, MA). To establish a range of humidities, this experiment lasted about 5 mo. Soil water potential was converted to RH via the well-known Kelvin equation:
where Ψ w is soil water potential, R is the universal gas constant (8.31 J K −1 mol −1 ), T is the absolute temperature (°K), ρ w is the density of water (kg m −3 ), and M w is the molecular weight of water (0.018 kg mol −1 ). Th e ratio of e, the water vapor pressure, to e 0 , the saturation vapor pressure, is the temperature-dependent RH, which can be rewritten as [2]
Th e soil samples originating from Trinidad were fi rst oven-dried at 105°C and then equilibrated with the ambient atmosphere of a temperature-controlled room (25°C) with a monitored RH (Th ermo Hygro, Th ermo-Fisher, Waltham, MA) of ~50%. Th e steps developed to measure hygroscopic water content (θ hw ) at RH 50 are described below:
1. Weigh the sample containers using a four-decimal analytical balance (Wc).
2. Weigh approximately 10 g of air-dried sample into the sample containers and place them in the oven to dry at 105°C for 24 h, weigh again directly from the oven before cooling using a thermal isolator to protect the balance (Woven-dry).
3. Allow the oven-dried samples to equilibrate to RH 50 at ambient conditions in the laboratory. Equilibration of our samples was achieved within 48 to 72 h when RH was monitored using a thermohygrometer sensor. Th e samples from Arizona were equilibrated at 50% humidity and 25°C using a temperature and humidity controlled environmental chamber (1007H Temperature-Humidity Chamber, TestEquity, LLC, Moorpark, CA). An additional experiment was conducted to determine how fast soils reabsorb water following oven-drying. To achieve this, oven-dried soil samples were weighed and kept in the environmental chamber at 50% RH and 25°C. Th e soil samples were then weighed in 3-h intervals to capture the initially highly dynamic change in water content. Th e time interval was then stepwise increased to 6, 12, and 24 h for a total time period of 15 d. Th e clay content was determined with the hydrometer method (Gee and Bauder, 1986) . Organic matter was removed using hydrogen peroxide (35% H 2 O 2 ) and dispersed using 5% sodium hexametaphosphate.
RESULTS
Source Clay Samples
Results for hygroscopic water content (θ hw ) as a function of RH are presented in Fig. 1 . Th e data for 2:1 clay minerals show a substantial increase in θ hw at low humidities, a leveling off at RH values between about 50 to 60% and then increasing water content again at RH values above 80%. Both the 2:1 clays montmorillonite and illite adsorbed more than 0.05 m 3 of water per gram of oven-dry soil at RH values of ~50%. However, kaolinite did not adsorb water until ~80% humidity or higher.
Determination of Hygroscopic Water Content at 50% Relative Humidity
On the basis of results from the water release curves (Fig.  1) , we adopted the RH 50 for equilibrating our soils as a compromise value considering the range of mineralogies. Th is also represents a relatively stable point at which the change of θ hw with humidity is at a minimum; RH 50 is also commonly attained in the laboratory meaning no special equipment is required to equilibrate the soils at this humidity.
Water Uptake and Equilibration of Samples at 50% Relative Humidity
Aft er adopting the RH 50 for equilibrating our soils, we determined the time for samples to reabsorb water in the lab following oven-drying. Th e results of the rate at which water uptake occur using the Arizona soils data set aft er oven-drying is presented in Fig. 2 . Th e facilities at the laboratory in Arizona allowed samples to be analyzed in greater detail under more tightly controlled conditions. In our experimental method soils are oven-dried and then allowed to re-equilibrate at RH 50 to determine the fraction of hygroscopic water. Th e samples tend to equilibrate within ~2 d (Fig. 2) . We suggest leaving the samples for a minimum of 54 h, which seems appropriate for reequilibration. Th is is convenient for laboratory scheduling, as soils may be removed from a drying oven, aft er drying overnight, and then be weighed with the start of equilibration at ~0900 h. Samples can be left to equilibrate for 2 d and then measured around 1500 h or later to determine the water uptake.
Effect of Organic Matter Removal on Water Adsorption at 50% Relative Humidity
Hygroscopic water content as a function of the clay percentage of untreated and treated Arizona soils that have had organic matter removed are presented in Fig. 3 . Th e purpose of this was to determine if the presence of organic matter strongly aff ected the relationship between the hygroscopic water content and clay percentage. Th e removal of organic matter results in slightly lower water adsorption, confi rming that the clay percentage is the major factor in determining the amount of water adsorbed. On the basis of the regression lines shown, and assuming that the organic mat- Fig. 1 . Water release curves for standard clays.
Fig. 2. Water uptake on treated temperate Arizona soils at 25°C indicating water is rapidly adsorbed in 48 h.
ter is largely responsible for any additional water adsorption, ~5% diff erence in organic matter for a soil with ~50% clay may result in an 8% diff erence in the estimated clay percentage, which is acceptable for using fi eld soil for a reconnaissance survey. Th is indicates that for these soils, organic matter was not a major issue, but in future work we might want to examine how diff erent types of organic matter adsorb water and whether the relationship is linear. Figure 4 compares the measurement error associated with determining the hygroscopic water content of soil samples based on mass gained, with the measurement error associated with determining clay content from sedimentation analysis using the hydrometer method. As expected, the measurement errors are generally smaller at higher clay contents, with the percentage error increasing rapidly at low clay contents. Th e error for the hygroscopic water content is generally lower at low clay contents because our ability to weigh accurately is greater than our ability to detect clay via sedimentation at low clay contents; from clay contents of 10 to 50% the errors involved are similar. Th is indicates that the greatest errors in estimating clay percentage from hygroscopic water will be dependent on the spatial variability of organic matter, if not removed from samples.
Hygroscopic Water Content as a Function of Clay Content for Soils Equilibrated at 50% Relative Humidity
Hygroscopic water content as a function of clay percentage for both the Arizona and Trinidad soil data sets equilibrated at RH 50 is presented in Fig. 5 . Th e Trinidad soils are divided according to major mineralogy, kaolinitic, micaceous and mixed clays, sesquioxides, and montmorillonitic; the Arizona soils were dominated by mica and illite clay minerals. Th ese soils represent the range of 2:1 and 1:1 clay mineralogies (Table 1 ) and indicate strong consistency in response compared to the trend lines indicated for the diff erent pure clay minerals. Th e soils dominated by sesquioxides and montmorillonite have distinctively higher hygroscopic water content values than the other soils. Th e montmorillonite follows the bentonite trend line, while the micaceous and mixed mineralogy follows the illite trend line. Noticeably the oxide-dominated soil follows the bentonite trend line indicating this soil can adsorb a lot of water; highly weathered tropical soils with amorphous oxides can have large surface areas on which water can adsorb (Sanchez, 1976; Goldberg et al., 2001; Robinson et al., 2009b) . In addition, some of the kaolinitic soils (clay content 50-70%) have higher water content than might be expected. Th is may occur because of the presence of oxides in these soils; biasing values upward and requires further research. Th e r 2 values for the regression equations of hygroscopic water content as a function of clay content were 0.78 and 0.68 for Arizona soils and all Trinidad soils, respectively. Th is indicates a positive linear relationship between hygroscopic water content and clay content for soils of varying mineralogies from temperate and tropical regions. Th e relationship was only superior in the Arizona soils compared to the Trinidad soils because of less mineralogical variation. Th e r 2 for the Trinidad soils increased to 0.84 aft er removing the oxide and montmorillonite soils.
A compilation of available data sets that contain both clay percentage information and hygroscopic water content (RH 50 ) for samples taken from landscapes mapped with the EMI sensor in the United States and Trinidad are presented in Fig. 6 . Th e results fall broadly in the same location as in Fig. 5 . Th e r 2 values with intercept set to zero, RMSE and corresponding mineralogy are presented in Table 2 . Th e r 2 values improve as the range of the clay percentage broadens. All RMSE values for clay percentage as a function of RH 50 fall below 10% with the median value being 5%. Th is indicates that for these soils, RH 50 was a reasonable predictor of clay percentage. Placing a regression line through all data (clay % = 1037.5* RH 50 ) gave an r 2 of 0.70 and resulted in a RMSE of 6.5% which may be acceptable for reconnaissance survey. However, we do not advocate the use of a single relationship as it is mineralogy dependent. In this regard a site-specifi c calibration should be established between RH 50 and clay percentage that could then be used to estimate clay percentage from subsequent samples measured only for RH 50 . RH 50 values would be useful for providing secondary data in, for example, co-kriging geostatistical methods (Lesch et al., 1995a) . Th e results indicate reasonable correlations, demonstrating that hygroscopic water content at RH 50 has good potential to act as a pedotransfer function to estimate clay percentage at least for reconnaissance surveys and as a secondary variable for geostatistical interpolation.
DISCUSSION
Developing a standard approach to estimating clay percentage from the hygroscopic water content relies on agreeing on an accepted RH value at which to measure the hygroscopic water content. Diff erent authors have used diff erent values, Banin and Amiel (1970) used air-dry samples, while Petersen et al. (1996) used a pressure of 1.5 MPa. Logsdon et al. (2010) determined hygroscopic water content of air-dry soils in a vapor-tight container over distilled water at ~99% RH. In an eff ort to standardize a method, Lebron et al. (2009) , used a hygroscopic water content of 41% to determine gypsum content in soils. Th ey used 41% because this is the RH achieved by equilibrating samples over a saturated solution of K 2 CO 3 in a dessicator, which makes standardization easier, especially given the temperature stability of the RH of K 2 CO 3 . However, fi nding a salt that off ers a temperature stable RH at ~50 to 60% is not straightforward. Any chosen value of RH is a tradeoff between having a zone of minimal relative change of slope of the water release curve of the soil (Fig. 1) and having enough water to obtain a meaningful measurement of hygroscopic water content. RH 50 was chosen as a compromise, bearing in mind this trade-off , which seems to work reasonably well even in kaolinitic soils. Th e use of K 2 CO 3 is appealing and good for 2:1 clay mineral soils but is not so good for kaolinitic soils which have essentially desorbed all their water at RH 41%.
Th e benefi ts of proximal sensing techniques in reconnaissance surveys have, to some extent, been undermined by the cost and tedious requirements for soil sampling and analysis of properties such as clay percentage required for their calibration. Th e removal of organic matter from the samples in the current study resulted in only minimal reduction in adsorbed water (Fig. 4) . Th is signifi es that in soils low in organic matter, clay percentage is the major factor in determining the amount of water adsorbed. Clay percentage has been shown by previous works to be strongly correlated with specifi c surface area and hygroscopic water content (e.g., Banin and Amiel, 1970; Petersen et al., 1996; Robinson et al., 2002) . However, hygroscopic water content which is a quicker and cheaper soil property to measure is oft en not routinely collected by soil surveys (Robinson et al., 2002) . Since the amount of water adsorbed by a sample varies depending on the ambient humidity, fi nding a suitable RH for the equilibration of soils is important for the determination of hygroscopic water content to speed up the interpretation of geophysical signals. In our study, RH 50 was chosen as a compromise value from the determination of hygroscopic water content for standard clays which generally yielded hygroscopic water content values that were strongly correlated with clay percentage for both tropical and temperate soils of varying mineralogies.
SUMMARY AND CONCLUSIONS
Th e work presented describes a simple, cost and time efficient method of estimating clay content using hygroscopic water content measurements. To successfully determine the relationship between hygroscopic water content and clay content, it is important to identify a suitable value of RH for equilibration of soils. On the basis of our results on water release curves of standard clay minerals, this value was identifi ed to be ~50%, a relatively stable point at which the change in hygroscopic water content with humidity is at a minimum. Th is value was then used to equilibrate soil samples from tropical (Trinidad) and temperate (Arizona) regions exhibiting a wide range of soil mineralogy.
Th e work presented indicates positive correlations between soil hygroscopic water content measured at RH 50 and the clay percentage in the soil. Hygroscopic water content measured at RH 50 has good potential to act as a pedotransfer function to estimate clay percentage for surveys. One of three approaches, with increasing accuracy, could be adopted:
1. Estimate clay percentage from the linear hygroscopic water content calibration presented for all soils.
2. Perform a site-specifi c calibration on a soil subsample between clay and RH.
3. Perform a full calibration using particle size analysis.
With the growth of proximal sensing the fi rst approach offers a cheap and rapid way to estimate the dependence of soil geophysical signal response surfaces to hygroscopic water content as a surrogate for soil clay percentage for reconnaissance survey. Th is may guide a surveyor as to the major soil parameter contributing to the geophysical signal response.
